This study tests the biomechanical properties of adjacent locked plate constructs in a femur model using Sawbones. Previous studies have described biomechanical behaviour related to inter-device distances. We hypothesise that a smaller lateral inter-plate distance will result in a biomechanically stronger construct, and that addition of an anterior plate will increase the overall strength of the construct.
Introduction
Interprosthetic femoral fractures occur between proximal and distal devices. Proximal devices can include sliding hip screw side plates, cephalomedullary devices, angled blade plates and total hip arthroplasty (THA) implants. Distal devices can include distal femoral locking plates, condylar blade plates, short retrograde medullary devices and total knee arthroplasty (TKA) implants. Fractures between these devices may occur in osteoporotic stress-shielded bone. Fixation constructs are challenged by the presence of pre-existing devices and poor bone quality. One strategy employed with success when treating interprosthetic femoral fractures occurring between stable joint replacement implants is lateral plating, with the construct spanning both joint arthroplasty implants. 1, 2 The purpose of spanning the interprosthetic region with the lateral plate is to neutralise any potential stress risers caused by the gap between the two rigid constructs in osteopaenic or osteoporotic bone.
Whereas fixation of a fracture distal to a proximal implant (THA) can be managed with a single lateral plate spanning the entire length of the femur, short length distal plate constructs may expose a segment of femoral diaphysis to risk of fracture. 3 The presence of a laterallybased proximal femoral plate construct (e.g. sliding hip screw, angled blade plate, proximal femoral locking plate) does not allow for a single lateral plate to protect the interprosthetic zone. Treating surgeons should understand biomechanical behaviour and consequences of fixation constructs when facing the dilemma of treating subsequent fractures between proximal and distal constructs. If a distal femoral plate is deemed appropriate to address the fracture, an inter-plate gap will exist between the new implant and the pre-existing proximal plate. That gap may represent a further 'at risk' zone for future fracture.
Our approach to these fractures has evolved to include direct fracture reduction with distal femoral locking plate minimising inter-device distance with the pre-existing proximal femoral implant, followed by orthogonal plating of the femur along the anterior cortex to span the inter-device distance (Fig. 1) . We are currently unaware of any data to suggest the optimal inter-device distance between two lateral constructs, or the optimal size of an anterior plate. For the purposes of this study, we will refer to the inter-device distance as the inter-plate distance (IPD) for clarification and simplicity.
This study asks the following questions: first, are constructs with a 1 mm lateral IPD stiffer than constructs with a 10 mm IPD? Second, does addition of an anterior plate increase the construct stiffness? Third, does the length of the anterior plate alter construct stiffness? We hypothesise that decreasing lateral IPD will result in biomechanically stiffer constructs and that addition of an anterior plate will increase the stiffness of the construct and mitigate the potential risk for inter-device fracture. In addition, we hypothesise that increasing anterior plate length will not significantly increase stiffness of the construct.
Patients and Methods
A total of 23 plastic femurs (Sawbones left foam femurs, #1129; Pacific Research Laboratories, Vashon, Washington) were tested using different plate combinations and IPDs. Even though plastic femurs may not simulate osteoporotic bone, they were used in order to have a consistent geometry and uniform properties for each comparative test. Each femur was positioned in a four-point bend fixture (Fig. 2) such that the loading occurred in the sagittal plane with tensile forces seen on the anterior face of the femur. Four-point bending was chosen as it applies a uniform moment between the upper two supports. Threepoint bending would have focused the maximum moment directly beneath the middle roller positioned Anteroposterior radiograph of left femur showing orthogonal plate fixation of a patient with an interprosthetic femoral fracture between a stable total knee arthroplasty and proximal blade plate. The fracture was treated with a distal lateral femoral locking plate, and anterior small fragment locking plate to protect the lateral inter-plate distance. This image was obtained at a six month post-operative visit and shows uneventful union.
over the gap between the lateral plates. Each femur was positioned in order for the midpoint between subsequently attached lateral plates to be centred between the two upper supports.
Each femur was preconditioned by first applying a 10 N compressive force (using an MTS machine, MTS, Eden Prairie, Minnesota) to the four-point bend fixture to preload the bone, and then applying a ramp displacement of 10 mm to the fixture 100 times. The force was applied by the MTS actuator to the upper pair of rollers, and the corresponding displacement of the rollers was measured. Each femur was preconditioned to reduce the potential effect of any history dependence on them, as it was a viscoelastic material. During the first ten cycles of preconditioning, slight decreases in peak moment were seen. Each femur was then tested while intact and after different plate configurations were applied. In these tests, a 10 N force was first applied and five cycles of 10 mm displacement performed. The peak-applied compressive force during the fifth cycle was determined and converted to an applied sagittal moment by knowing the location of the end supports and the intermediate loading bars. Using these measurements, from a strength of materials approach the applied moment is equal to:
-Moment (N-m) = F * (L -a)/ 4 -where F = applied force in N -L = distance between the outer rollers -a = distance between the inter rollers Thus, the applied moment = 0.0572 * the applied force.
In eight femurs, after testing the intact bone, two largefragment lateral locking compression plates (LCP) (Synthes, Paoli, Philadalphia) were applied using five 5 mm locking screws distributed equally along the plate in bicortical locked mode, with a 10 mm IPD between the plates, and subsequently tested using the four-point fixture (Fig. 2) . A 9-hole small-fragment LCP plate was placed anteriorly using three 3.5 mm locking screws distributed equally in unicortical lock mode on each side of the lateral plate gap, and the bone tested again. The 9-hole plate was removed and an 11-hole anterior plate was applied and tested, again using three 3.5 mm locking screws in unicortical lock mode on either side of the lateral plate gap. Finally, the 9-hole plate was reapplied and the femur retested to verify that the application and testing of the 9-hole plate first did not affect the results with the 11-hole plate.
In eight additional femurs, the same testing was performed as above, with the only difference being that a 1 mm IPD between the lateral plates was used.
In four additional femurs, the same testing protocol was applied with a 10 mm lateral IPD and a 7-hole anterior plate. In the last three femurs, the same testing protocol was applied with a 1 mm lateral IPD with a 7-hole anterior plate. Statistical analysis. To compare the maximum moment supported by different plate combinations for a given IPD, a one-way repeated measures analysis of variance was used. To compare the effect of a 1 mm or 10 mm IPD for each plate combination, a two-way independent measures analysis of variance was used (one factor being the plate combination, the other factor being the gap distance). If a difference between the two gap distances was found, additional oneway analysis of variance tests were performed to examine the effect of gap distance for each plate combination. In all cases, a Bonferroni adjustment for multiple pairwise comparisons was used with a level of significance of p < 0.05. Photograph showing the four-point bend testing fixture that was used to load each femur in the sagittal plane. Each femur was positioned in a four-point bend fixture such that the loading occurred in the sagittal plane with tensile forces seen on the anterior face of the femur.
To determine the necessary number of femurs to test, a power study was performed based on the first three specimens tested. To show a difference between the laterally plated femurs and the intact femur, or to show a difference between anterior plates with differing number of holes, a minimum of seven specimens would be required to have 80% power with a level of 95% significance. Thus, a sample size of eight femurs was used.
To determine whether the moments we applied in this testing were comparable with in vivo moments, we compared the moments created by the four-point fixture with those measured in vivo by Taylor et al. 4 They found the peak sagittal moments from one subject to be approximately 25 Nm during level walking or for rising from a chair and to be approximately 40 Nm while ascending stairs. During our testing, our applied moments ranged from 40 Nm to 65 Nm, suggesting that we were comparable with, or greater than, in vivo loading.
Results
When only lateral plates are applied, the moment supported with a 1 mm IPD had a trend to be greater than that supported with a 10 mm IPD (Table I , p = 0.052). Constructs with a 9-hole anterior plate and a 1 mm IPD supported a significantly greater moment than a 10 mm IPD (p = 0.025). Similarly, constructs with an 11-hole anterior plate and a 1 mm IPD had a significantly greater moment than a 10 mm IPD (p = 0.008).
The addition of a 9-hole or 11-hole anterior plate to constructs with either 10 mm lateral IPD or 1 mm lateral IPD resulted in constructs that supported significantly greater moments than constructs with only lateral plates (Table I, p < 0.001).
When comparing moments supported by the 11-hole plate with those supported by the 9-hole plate, the 11-hole anterior plate supported significantly more moment than the 9-hole plate in both the 10 mm (p = 0.047) and the 1 mm IPD constructs (p = 0.025). There was no difference in moments supported by the 9-hole plate either before or after testing the 11-hole plate in both groups (p < 0.99).
In testing the seven femurs with a 7-hole anterior plate, with either a 10 mm IPD or a 1 mm IPD, all femurs failed. In six, the Sawbones fractured through either the most proximal or most distal screw hole of the anterior plate and, in one, the screws failed and the plate pulled out upon application of load.
Discussion
Described treatments of interprosthetic femoral fractures between both a stable THA and TKA include intramedullary fixation, plate constructs, as well as allograft strut and cerclage constructs. 1, 2, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Interprosthetic femoral fractures may also occur between arthroplasty implants and plate constructs. These fractures may not be amenable to intramedullary fixation in the presence of non-compatible TKA implants, or the presence of screws from the proximal femoral plate, preventing placement of an intramedullary device. If the pre-existing proximal femoral fracture is healed, it is reasonable to remove either screw or plate to allow the passage of an intramedullary device, or to place a longer plate. However, if the pre-existing fracture has not healed, the proximal femoral plate construct may need to be retained, precluding the use of a single long lateral locking plate to span the fracture and implants. This study is designed to test the biomechanical characteristics of the protocol we have developed for treating these fractures by minimising lateral IPD and protecting it with an anterior plate.
Potential limitations in this study include the use of a synthetic femur rather than cadaveric bone. We elected to use synthetic material to obtain uniform results which would not be possible in cadaveric bone. Third generation sawbone femurs have been shown to have similar stiffness to cadaveric bone, with more uniform structural properties when compared with previous Sawbones. 19 This provides a uniform material that would allow us to test the construct itself, rather than the construct-bone interface. A synthetic osteoporosis Sawbones model is available for use, however, we are unaware of any published data relating to the reliability of that model to approximate osteoporotic bone in biomechanical testing. A second potential limitation may be the use of four-point bend exclusively in the anteroposterior plane. This may represent a type of stress seen in vivo, but it does not address varus or valgus stress or torsional stress that may be experienced by the femur during the course of daily life. Finally, our constructs were composed of plates placed in the locking configuration, which may only provide a mechanical advantage in osteoporotic bone. 20 The present study confirms our hypothesis that when the IPD distance is reduced from 10 mm to 1 mm, there is an increase in the moment required to displace the femur. Although this was not significant when only lateral plates were applied, this trend did become significant after a 9-or 11-hole anterior plate was applied. This suggests that minimising the lateral IPD increases the overall stiffness of the construct and may reduce the 'stress riser' phenomenon 21 anticipated by leaving an unprotected area of poor quality bone between two rigid constructs.
This study confirms our hypothesis that placement of either a 9-or an 11-hole LCP significantly increases the overall stiffness of the construct. The goal of the anterior plate is to protect the anticipated stress riser that exists between the lateral plate constructs. Studies have attempted to define the nature of these stress risers, with particular emphasis on intramedullary implants. 3, [21] [22] [23] Although the exact nature of stress risers has yet to be defined, it seems prudent to neutralise any that may occur between two stiff implants in poor quality bone that has already failed with a low-energy mechanism. Our testing protocol uses four-point bend to displace the femur and plate constructs. This creates a tension moment on the anterior cortex and, therefore, it is expected that placement of an anterior plate should increase the overall stiffness of the construct when subjected to the bend, and mitigate the effects of any potential stress riser. Interestingly, our data show that both 9-and 11-hole anterior plate constructs were stiffer when the lateral IPD was only 1 mm. This confirms the trend we observed in the first part of our study when using only lateral plates to evaluate the IPD. Our protocol calls for placement of an anterior plate onto the femur to span the lateral IPD. We recognise this technique necessitates additional soft-tissue dissection from the anterior femur and, as such, it is our goal to minimise the soft-tissue insult by reducing the size of the anterior plate. Thus, we wished to discover whether anterior plate length altered the biomechanics of the construct. This study found that 11-hole LCP constructs require greater moment to displace the femur than the 9-hole LCP constructs. These rely on the angular stability created by the screwhead-LCP interface. Better stress distribution is achieved with fewer screws and increased distance between screws, in a bridge plating technique. [24] [25] [26] Our study would indicate that the stress riser should be considered in terms of a comminuted segment that would benefit from distribution of the stress along a bridge-type anterior construct. It is not surprising, then, that 11-hole LCP constructs support greater moments than 9-hole constructs. We did not expect, however, that this difference would be statistically significant, as our original hypothesis indicates.
Our final finding related to the anterior plates was unanticipated. All 7-hole LCP constructs reliably failed when in four-point bend. In the six 7-hole LCP constructs that failed by fracture, the fracture occurred through either the most distal or most proximal screw hole of the anterior LCP. In some studies the LCP can act as a stress concentrator, and result in implant or construct failure. 25 It is possible that the 7-hole LCP construct failed because it was of insufficient length to neutralise the stress riser, and may have acted as a stress concentrator, particularly at the most proximal and distal screws of the anterior plate. The 9-and 11-hole anterior plate constructs may not have failed because those constructs were able to distribute the tension forces due to the applied moment over a greater distance and, thus, avoid failure.
In conclusion, our study would suggest that the optimal configuration when plating an interprosthetic femoral fracture between a TKA and a proximal femoral plate construct is to minimise the lateral IPD, and to protect this gap with an anterior small fragment plate with more than seven holes.
